Abstract-This paper addresses the problem of output feedback stabilization of continuous-time networked systems that are also perturbed by persistent external disturbances. An augmented state observer is designed in order to estimate both the state of the system and the external disturbance. Conditions for observability of the augmented system are provided based on the given system parameters. Stabilization of the output feedback networked system is achieved by means of eventtriggered control strategies which reduce the number of feedback updates. A strictly positive lower-bound on the interevent times is also provided which avoids Zeno behavior. Finally, this framework is extended to consider the existence of network induced delays. Similarly, conditions for stability and bounds on the inter-event times are presented.
Recent work has addressed the output feedback eventtriggered control problem [9] , [18] [19] [20] [21] [22] . The authors of [18] presented a comprehensive analysis based on impulsive system modeling of an output feedback system with external disturbance and with a dynamic controller. The approach in [9] used a state observer and a model-based approach to attenuate the effects of external disturbance.
In the present paper we implement an augmented state observer that provides estimates not only of the states of the disturbed system but also estimates of the unknown external disturbance. This augmented state observer is used in the networked system and we show that asymptotic stability can be achieved using event-based updates. This stability result is made possible by implementing a model-based framework that includes an estimate of the constant disturbance to compute the control input and by including an augmented observer system that asymptotically converges to the real state and disturbance. The use of the model-based approach and the augmented observer considerable improves the performance of the networked system compared to similar work in [8] - [9] . Additionally, we extend this work to consider piece-wise constant disturbances. Finally, this framework is used to address network induced delays which, with exception of [19] , have not been studied in the context of output feedback event-triggered control.
The paper is organized as follows. Section II describes the augmented state observer and provides observability conditions on the augmented system. Section III introduces the model-based architecture for control over networks. In Section IV we show asymptotic stability in the presence of constant disturbances using event-triggered techniques. Extensions to consider time delays are discussed in Section V. Examples are presented in Section VI and Section VII concludes the paper. The purpose of this augmented observer is to provide estimates not only of the state of the system x(t) but also to obtain estimates of the unknown constant disturbance w(t). Define the augmented state vector:
II. AUGMENTED STATE
The augmented system is given by: ( 
The following theorem provides conditions for observability of the augmented system. When the augmented system is observable it is possible to estimate both, the states and input disturbance of (1) and it is also possible to implement the augmented state observer in the networked configuration of Proof. See [13] for proof.
The state observer is designed for the augmented system (4) and it is given by: ( A LC   for i=1,…,n+m. This state observer will be used later, in Section IV and Section V, in the NCS represented in Fig. 1 . Particular implementation details corresponding to the networked configuration as shown in Fig. 1 will be discussed in those sections.
III. MODEL-BASED NETWORKED ARCHITECTURE
The particular network configuration that we implement in this paper is the Model-Based Networked Control System (MB-NCS) architecture of [4] . The MB-NCS configuration makes use of an explicit model of the plant which is added to the actuator/controller node to compute the control input based on the state of the model rather than on the plant state. The state of the model is updated when the controller receives the measured state of the plant that is sent from the sensor node at time instants k t . The sensor is not co-located with the actuator/controller but feedback measurements are transmitted through a limited bandwidth communication network as shown in Fig. 1 .
The system is perturbed by an external disturbance w(t). Assume that the disturbance is a persistent disturbance; in particular, assume that it is a constant signal. This approach can be used in practice for piece-wise constant disturbances, but the system is not asymptotically stable since there is an infinite number of discrete changes on the disturbance as time goes to infinity. However, bounded stability can be obtained as it is shown in this paper.
IV. OUTPUT FEEDBACK EVENT-TRIGGERED CONTROL
The networked system in Fig. 1 contains a nominal model of the system in order to generate an estimate of the state of the disturbed system (1) and to compute the control input between update intervals. The actuator/controller node is shown in Fig. 2 . Also note that (1) is open-loop unstable, in general. The model dynamics are given by:
where ˆ( ) ( ) u t Kx t  is the model control input, where K is a stabilizing gain, that is, the eigenvalues of A BK
A. Constant disturbance. The use of the augmented observer described in Section II provides an estimate of the unknown external disturbance that can be transmitted to the controller node in order to improve the control action by compensating for the effects of the disturbance w(t), that is, the control input for the plant is given by ˆ(
where ˆ() wt represents the latest update of the disturbance estimate received at the controller node, that is,
where k t represents the update time instants, for k=1,2,... In this work we implement event-triggered strategies to determine k t . At the update instants the augmented observer state () ek xt is received at the controller node. The observer state contains estimates of both, the states of the plant and the disturbance. The observed disturbance is kept constant in the controller node during the next update interval as described in (9) and the model state is updated using the part of the observer state corresponding to the estimated plant states, i.e. 
ˆ( ) ( ).
kk x t x t  (10) After a model update takes place the model keeps its normal execution as in (7).
The sensor node contains the augmented observer and it has continuous access to the output of the system y(t). In order to provide the observer with the control input u(t) copies of the model and the controller are implemented in the sensor node. This model copy is also updated using the observer state at the same time instants than the model in the controller, see Fig. 3 . The purpose is to stabilize the system and reduce communication between the sensor and controller nodes.
Define the observer error ( ) 
where the dynamics of the system can be written simply as
From (18) and using (11), (13) , and (15) we have that
Define the state ( ) ( The combined model-based and state/disturbance estimation framework described in this paper can also be used in the case when the external disturbance is piece-wise constant. We define t  , =0,1,2,… as the time instants when the disturbance changes value. In order to obtain a bound on the state similar to (27) a lower bound on the difference 1 tt    will be required, that is, the disturbance will not change values very frequently; otherwise the observer will not able to estimate a fast changing piece-wise constant disturbance.
In order to stabilize the system in the presence of abrupt changes on the disturbance we proceed as follows. When a change on the disturbance is detected the threshold (righthand side of (23)) is reset to its initial value, that is, we use the threshold 
. In the following theorem we establish bounded stability and bounds on the inter-event time interval for the networked system (1) and we also determine the lower-bounds on the time intervals 
which can be written as
We have that if 2 ( ) 0 
which guarantees (37).
We also need to guarantee that ( ) 2
This can be accomplished as follows. The error at time t  changes abruptly since a change on the disturbance occurred at that particular time instant. The error at time t  can be described by 0 ( ) ( 
VI. EXAMPLES
Example 1 (piece-wise constant disturbance). Consider the following continuous-time system [9]   
The initial conditions are . Fig. 4 shows the states of the system, the states of the observer, and the sates of the model when the approach described in Section IV-B is used. Fig. 5 shows the norm of the system along with the update time instants generated by the event-based threshold (33). The bottom of the figure shows the disturbance w(t). Results of simulations are shown in Fig. 6 where it can be seen that the system is asymptotically stable and significant reduction of communication is obtained using eventtriggered techniques in the presence of network delays.
VII. CONCLUSION
An event-triggered approach for networked systems perturbed by external disturbances was discussed in this paper. An augmented state observer was used in order to estimate both plant states and the external disturbance and a model-based event-triggered framework was implemented to compute the control inputs for the intervals of time that the networked system operates in open-loop. This approach was extended to consider network induced delays. Stability results and exclusion of Zeno behavior were demonstrated for the no-delay and the delay cases. norm(x(t))
